Abstract. Dynarnin is the mammalian homologue to the Drosophila shibire gene product. Mutations in this 100-kD GTPase cause a pleiotropic defect in endocytosis. To further investigate its role, we generated stable HeLa cell lines expressing either wild-type dynamin or a mutant defective in GTP binding and hydrolysis driven by a tightly controlled, tetracyclineinducible promoter. Overexpression of wild-type dynamin had no effect. In contrast, coated pits failed to become constricted and coated vesicles failed to bud in cells overexpressing mutant dynamin so that endocytosis via both transferrin (Tfn) and EGF receptors was potently inhibited. Coated pit assembly, invagination, and the recruitment of receptors into coated pits were unaffected. Other vesicular transport pathways, including Tfn receptor recycling, Tfn receptor biosynthesis, and cathepsin D transport to lysosomes via Golgiderived coated vesicles, were unaffected. Bulk fluidphase uptake also continued at the same initial rates as wild type. EM immunolocalization showed that membrane-bound dynamin was specifically associated with clathrin-coated pits on the plasma membrane. Dynamin was also associated with isolated coated vesicles, suggesting that it plays a role in vesicle budding. Like the Drosophila shibire mutant, HeLa cells overexpressing mutant dynamin accumulated long tubules, many of which remained connected to the plasma membrane. We conclude that dynamin is specifically required for endocytic coated vesicle formarion, and that its GTP binding and hydrolysis activities are required to form constricted coated pits and, subsequently, for coated vesicle budding.
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YNAMIN is a member of a structurally related but functionally heterogeneous family of GTPases that itself exhibits an apparently diverse array of functional properties in vitro (reviewed by Collins, 1991; Vallee, 1992) . Originally isolated as a nucleotide-dependent microtubule-bundling protein (Shpetner and Vallee, 1989; Scaife and Margolis, 1990) , dynamin was later shown to have microtubule-stimulated GTPase activity (Shpetner and Vallee, 1992; Maeda et al., 1992) . Recently, other factors have been shown to regulate dynamin GTPase activity in vitro through interaction with its 100-aa basic and proline-rich COOHterminal domain (Gout et al., 1993; Herskovits et al., 1993b) . These include acidic phospholipids (Tuma et al., 1993) and a subset of SH3 domain-containing proteins, including Grb2, P85-c~, phospholipase C'y, c-fyn, and c-src (Gout et al., 1993; Herskovits et al., 1993b) . The significance between these in vitro interactions and dynamin's function in vivo has not been established.
Much of what is known about the function of dynamin in vivo comes from phenotypic analysis of a mutation in a Drosophila homologue to mammalian dynamin called shibire ' (Chen et al., 1991; van der Bliek and Meyerowitz, 1991) .
The most dramatic phenotype associated with shibire flies is temperature-sensitive paralysis (Grigliatti et al., 1973) . U1-trastructural analysis of the nerve terminals from shibire flies after shift to the nonpermissive temperature revealed a rapid loss of synaptic vesicles and an accumulation of both coated and uncoated invaginations at the synaptic membrane (Poodry and Edgar, 1979; Kosaka and Ikeda, 1983a; Koenig and Ikeda, 1989) . These results suggested a direct role for the shibire gene product in synaptic vesicle recycling, although it has not been localized to the endocytic structures that accumulate at the nonpermissive temperature. Subsequent analysis of a number of tissues (Kosaka and Ikeda, 1983b; Kessell et al., 1989; Koenig and Ikeda, 1990; Tsuruhara et al., 1990) revealed that the shibire mutation caused a pleiotropic defect in endocytosis.
The fact that mutations in shibire affect endocytosis in all tissues examined is of interest since mRNAs encoding dynamin-1, the originally identified mammalian homologue of shibire, are exclusively expressed in neurons (Nakata et al., 1991; van der Bliek et al., 1993; Cook et al., 1994; Sontag et al., 1994) . A second isoform of mannnalian dynamin, referred to as dynamin-2, which encodes a ubiquitously expressed protein 79 % identical to dynamin-1 and 66 % identical to shibire was recently identified (Cook et al., 1994; Sontag et al., 1994) . It has not yet been established whether dynamin-2 homologue is also involved in endocytosis, or is instead involved in other intracellular vesicle budding events.
That dynamin-1 is, in fact, a functional homologue of the shibire gene product was established by demonstrating that receptor-mediated endocytosis was blocked in mammalian cells transiently expressing dominant-interfering mutants of the neuronal isoform of dynamin (van der Bliek et al., 1993; Herskovits et al., 1993a) . Receptor-mediated endocytosis occurs via a number of distinct intermediates that have been identified using combined biochemical and morphological approaches (reviewed in Schmid, 1993) . Early stages of coated vesicle formation involve the assembly of the coat proteins, AP2 complexes, and clathrin, from cytosolic pools onto the plasma membrane and the recruitment of receptors into coated pits (Mahaffey et al., 1990; Smythe et al., 1992a; Lamaze et al., 1993) . Originally planar clathrin lattices (Heuser and Evans, 1980) then invaginate in an apparently spontaneous process (Moore et al., 1987; Smythe et al., 1989 ). An as yet undefined, but active process leads to constriction of the neck of coated pits so as to selectively sequester receptor-bound, biotinylated ligands from interaction with exogenously added avidin or other bulky probes (Schmid and Carter, 1990; Schmid and Smythe, 1991; Carter et al., 1993) . Ligands sequestered in these constricted coated pits remain accessible to small probes such as the membrane impermeant reducing agent, ~-mercaptoethanesulfonic acid. Finally, budding is completed by an ATP-and GTP-dependent membrane fission event, and receptorbound ligands are internalized into sealed coated vesicles (Schmid and Smythe, 1991; Carter et al., 1993) . We previously found that overexpression of a predicted GTPasedefective mutant of dynamin, but not wild-type (wt) I dynamin, blocked endocytosis at a stage after coat assembly and before the sequestration of receptor-bound ligands into constricted coated pits (van der Bliek et al., 1993) . The intermediate stage in coated vesicle formation blocked by expression of the dynamin mutant is not known to require either microtubule (MT) or SH3 domain-containing proteins involved in signal transduction. Thus, it remains difficult to reconcile the requirement for dynamin function in vivo with the functional interactions between dynamin and MTs or SH3 domain-containing proteins documented in vitro. Therefore, we sought other possible functions of dynamin that might explain these in vitro interactions by further investigating the role of dynamin in vivo. To this end, stably transformed cell lines that express wt and mutant dynamin under the control of an inducible, tightly regulated promoter were established. Using these cells, we have conducted a detailed biochemical and morphological analysis of the functional consequences of overexpression of a dynamin mutant defective in GTP binding and hydrolysis. We conclude that dynamin is specifically targeted to coated pits at the plasma membrane, where it is required for coated pit constriction and coated vesicle budding.
1. Abbreviations used in this paper: AEBSE [4-(2-aminoethyl)-benzenesulfonfluoride; BEGF, biotinylated EGF; BSST, biotinylated transferrin; D65-gold, gold-conjngated D65 anti-human transferrin receptor mAbs; elel, element 1; HA, hemmaglutinin; MT, microtubule; Tfn, transferrin; Tfn-R, transferrin receptor; tet, tetracycline; TGN, trans-Golgi network; tTA, chimeric transactivator; wt, wild type.
Materials and Methods

Antibodies
Anti-human transferrin (Tfn) receptor polyclonal serum and mononlonal antibodies (HTR.D65 and B3/25) were a kind gift ofI. S. Trowbridge and S. White (Salk Institute, La Jolla, CA). Anti-cathepsin D antiserum was from T. Braulke (University of Gtttingen, Gtttingen, Germany). Anti-/~//~'-adaptin monoclonal antibody 100/1 (Ahle et al., 1988) 
Other Reagents
Human diferric transferrin (Tfn) and biotinylated receptor grade mouse EGF were from Boehringer-Mannheim Biochemicais (Indianapolis, IN). Tfn was biotinylated as previously described (Smythe et al., 1992b) . Omnisorb cells, pronase and [4-(2-aminoethyl)-benzenesulfonylfluoride, HC1] (AEBSF) were from Calbiochem-Novabiochem Corp. Tran35S-labelr" (1 mCi/#mol) was from ICN Biomedicals, Inc. Reagent-grade chemicals were obtained from Sigma Chemical Co. or Boehringer Mannheim Biochemicals, unless otherwise specified.
Cells
The stable HeLa cell line, designated HtTA, expressing the chimeric tetracycline regulatable transcription activator was generously provided by H. Bujard (Zentrum fiir Moleknlare Biologic, Heidelberg, Germany). Cells were cultured in DME supplemented with 10% (vol/vol) fetal bovine serum, 100 U/ml each of penicillin and streptomycin, and 400 #g/ml active (3418 (Geneticin; GIBCO BRL, Gaithersburg, MD).
Preparation of cDNA Constructs
The cDNAs for wild-type and the elel mutant of dynamin were subcloned from the modified vaccinia expression constructs pTM1-Hwt and pTMl-elel described previously (van der Bliek et al., 1993) into the tetracyclineinducible expression plasmid pUHDI0-3 (generously provided by H. Bujard). This plasmid contains seven repeat units of the E~cherichia coli tetracycline operator linked to a cytomegalovirus (CMV) minimal promoter directly upstream of the cloning site (Gossen and Bujard, 1992; Resnitzky et al., 1994) . To add an hemagglutinln (HA) epitope at the NH2 terminus of the dynamin cDNAs, a digest with SpeI/Bgl II was performed to remove a small fragment at the 5' end of the coding sequence. This fragment was replaced by a 76-bp synthetic SpeI/Bgl II linker (CTAGTGGATCCAAGG-AGCCGCCGCCATGGAGTATGATGTTCCTGATTATGCTCATAT-GGGCAACCGC~TGGAA), which provided the start codon preceding the hemagglutinin tag coding sequence of 30 bp (underlined) (Wilson et al., 1984) . The first 200 bp of the modified constructs were confirmed by DNA sequencing. For subcloning of the full-length cDNAs corresponding to HA-wt dynamin and HA-elel dynamin, a 3.2-kbp Spel/Sall fragment was blunt end ligated into the XbaI site of the plasmid pUHD10-3. After subcloning, the sequence of the region spanning the insertion site was confirmed.
Generation of Stably Transformed Cells
The generation of stably transformed HeLa cells with tightly regulated expression of wt and mutant dynamin will be described in detail elsewhere (Damke et al., 1995) . Briefly, a 60-mm plate seeded with 5 × 105 HtTA cells was transfected with cDNA (10 gg) encoding the wt or elel mutant dynamin under the control of the tTA-responsive promoter along with the plasmid pBSpac (0.5/~g), containing the puromycin resistance gene (de la Luna et al., 1988) , using calcium phosphate precipitation as described (Sambrook et al., 1989) . Plasmid pUHDI0-3 without dynamin eDNA was used to generate mock-transformed calls. Positive clones were selected and cultured with 200 ng/ml puromycin, 400/,g/m[ G418, and 2/*g/mi tetracycline (tet). Puromycin-resistant clones were screened for their ability to express dynamin 48 h after induction in the absence oftet by SDS-PAGE and Western blot analysis. For experiments, subeortfluent cultures were split by trypsirdEDTA dispersion and (1.2 × 106) cells were plated on 100-ram culture dishes in the presence (uninduced) or absence (induced) of tet •48 h before use. At this point, the cells were ~80% confluent.
Assay for Dynamin GTPase Activity
The expression and purification of recombinant dynamin using the baculovirus expression system in St9 ceils will be described elsewhere 0Varnock, D. E., J. L. Terlecky, and S. L. Schmid, manuscript submitted for publication). Briefly, BamHI/HindIII full-length eDNA fragments encoding wildtype and elel human neuronal dynamin were subcloned into the polycloning site of the pBhieBacl].I baculovirus expression vector (Invitrogen, San Diego, CA). Recombinant hacnlovirus was plaque purified and amplified according to the instruction manual provided with the baculovirus expression vector system. For purification of wt and elel dynamin, St9 cells (1.5 x 106 cells/ml) were infected with high tiler virus stocks at ,ol0 pfu/cell, and were harvested 48-60 h after infection. Dynamin was purified to > 95 % homogeneity from the cytosolic fraction by sequential Q-Sepharose and phosphocellulose chromatographic steps.
GTPase assays were performed as described by Gout et al. (1993) in 50 mM Tris-HC1, pH 7.4, 5 mM MgCI2, 1 mM MnC12 in a final volume of 20/*1. Assays contained 0.25/*g wt or 1/*g elel dynamin with or without 0.1 mg/ml taxol-stabilized microtubules. Reactions were initiated by the addition of 100/*M GTP (0.1/*Ci [a-32P]GTP) (Amersham Corp., Arlington Heights, IL). 1.5-/.1 aliquots were removed at each time point and spotted onto cellulose polyethyleneimine thin-layer chromatography plates with fluorescent indicator (J. T. Baker, Inc., Phillipsburg, NJ). Nucleotides were resolved by thin-layer chromatography in 1 M LiCI2/2 M formic acid (1:1). Quantitation of nuclcotides, identified by comigration with known standards, was performed on a phosphorimager (Molecular Dynamics Inc., Sunnyvale, CA).
Western Blot Analysis
Cells were washed twice with PBS and lysed by the addition of 1% Triton X-100 in PBS containing 5 mM MgCI2 and 1 mM AEBSE The samples were pelleted to remove the nuclei, precipitated with 10% TCA, washed with ice-cold acetone, and solubilized in Lanmmli sample buffer. Alternatively, for rapid processing of multiple samples, PBS/5 mM EDTA-detached cells were immediately lysed in lx Laemmli sample buffer. Cell lysates were analyzed by SDS-PAGE on 7.5% gels, and were electroblotted to Immobilon-P nitrocellulose (Millipore Corp., Bedford, MA) by standard methods (Burnette, 1981) . Nonspecific protein binding was blocked with 2% nonfat dry milk powder in Tris-buffered saline containing 0.1% Tween 20. The blots were incubated with the primary anti-dynamin antibody, hudy-l, at 0.1/*g/ml, or with the anti-HA-tag antibody, 12CA5, at 2.5/*g/ml, followed by detection with an alkaline phosphatase-conjngated secondary goat anti-mouse antibody (Pierce Chemical Co.), and were developed with an alkaline phosphatase color development kit (Bio-Rad Laboratories, Hercules, CA). When analyzing transferrin receptor distribution, cell lysates were resolved by SDS-PAGE 10% gels, and were then transferred to Immobilon-P. Antigen-antibody complexes were visualized using horseradish peroxidase-conjugated goat anti-rabbit antibody and the enhanced chemiluminescence (ECL) detection kit (Amersham Corp.), following the manufacturer's instructions.
Internalization Assays
Internalization assays using biotinylated transferrin (BSST) and biotinylated EGF (BEGF) were performed as previously described (van der Bliek et al., 1993; Lamaze et al., 1993) , except that incubations were at 32°C to slow down the internalization process.
Assays for lntraceUular Tra~cking of Transferrin Receptors
Recycling from the Endosomal Compartment. Cells were incubated on 100-nun dishes for 60 rain at 37°C with 8 #g/m[ biotinylated Tfn to reach equilibrium labeling. Plates were transferred to ice, washed several times with cold PBS, and surface-associated biotinylated Tfn was masked with 50 #g/ml avidin for 15 rain at 4°C. Avidin was quenched with biocytin (5 #g/m[). The cells were then harvested from the plates by a 5-min incubation at 4°c withPBS/5 mM EDTA, and were collected by centrifugation at 1,000 g for 5 rain. Cells were resuspended at 4°C in PBS ++ containing 0.2% BSA, 2 #g/ml nonbiotinylated Tfn, and 5 mM glucose, and were returned to 37°C for the indicated times. Biotinylated Tfn that recycled to the cell surface during reincuhation was again masked with avidin, and the cells were treated exactly as described for endocytosis assays. Results are expressed as the percent of initial intracellular B-Tfn that remains inaccessible to avidin during reincuhation.
TraJ~ktngalongtheBiosyntheticPathway. Cells were pulse-labeled for 15 min in methionine-frce media containing 150 /*Ci/m[ 3sS-Tran 35S-labeP" (ICN Biomedieals, Inc., Costa Mesa, CA). Incorporation was terminated by washing the cells twice with PBS and chase periods of<4 h were initiated by addition of prewarmed complete DME containing 10% fetal bovine serum. Cells were sohibilized in PBS containing 1% Triton X-100 and a protease inhibitor cocktail comprised of 10/*g/rnl pepstatin, antipain, and leupeptin; 12.5 IU/ml aprotinin A; 1% BSA; 1 mM AEBSF; and 2 nag/nil soybean trypsin inhibitor in 0.05 % DMSO. Nuclei were removed by centrifugation (16,000 g for 5 rain) at 4°C, and the cell lysates were brought to a final concentration of 1% Nonidet P-40, 1% sodium dcoxycholate, and 0.1% SDS for immunoprecipitation with the B3/25 monoclonal anti-transferrin receptor antibody and goat anti-mouse IgG prebound to 1% (vol/vol) Omnisorb cells. Transport through the Goigi apparatus was determined by acquisition of resistance to endoglycosidase H and addition of complex oligosaccharides as previously described (Omary and Trowbridge, 1981) . To detect the arrival of labeled transferrin receptor at the plasma membrane, cells on 100 mm dishe.~ were incubated on ice with 2 ml of PBS containing 12.8 U/ml tosylam[de-phenylethyl chloromethyl ketone-trypsin (12.8 U/ml). After digestion for 30 min, the protea~e inhibitor cocktail was added from a stock solution to the media. Both the cell pellet and the media were collected, and transferrin receptor (Tfu-R) and its trypsin-generated fragments were immunoprecipitated and analyzed by SDS-PAGE as described (Omary and Trowbridge, 1981) . Gels were exposed overnight on a Molecular Dynamics phosphorimage screen and developed on the phosphorimager. For quantitation of protein bands, the Molecular Dynamics ImageQuant software was used.
Steady-state Distribution, The steady-state distribution of the Tfn-R was determined after treating unlabeled cells with trypsin as described above. Combined supernatants and cell pellets were directly solubilized in Laernmii sample buffer for analysis by SDS-PAGE on 10% polyacrylamide gels. The ratio of intracellular (,o90 kD intact Tfn-R) to surface (released -,70 kD ectodomain) Tfn-R was determined after Western blotting and detection using anti-Tfn-R polyclonal serum and the enhanced chemiluminescence detection system. Quantification was performed using a digital scanning densitometer.
lmmunoprecipitation of Cathepsin D Cells were pulse labeled for 30 rain and chased in complete medium for ~4 h as described above. Cell pellets harvested after various chase times were frozen in liquid nitrogen and stored at -20°C until all time points were collected. Cell lysates were prepared and immunoprecipitation of eathepsin D was performed as described by Gieselmann et al. (1983) . The appearance of the 32-kD mature form of cathepsin D, which marks its arrival in lysosomes, was determined by SDS-PAGE on 12.5% acrylamide. Radioactive bands were visualized and quantitated by phosphorimage analysis.
Fluid Phase Uptake
For the analysis of fluid phase uptake cells were grown on 35 mm plates, washed twice with PBS and incubated with 1 mg/mi HRP in DME/20 mM Hepes, 0.2% BSA, pH 7.4, for various times. The uptake was stopped by aspirating the medium followed by six washes with PBS, I mM MgCI2, I mM CaCI2, 0.2% BSA, pH 7.4, for 5 min at 4°C and two short washes with PBS at 4°C (Marsh et al., 1987) . The cells were then treated with 0.1% pronase in PBS, pH 7.4, to detach the cells and remove any HRP nonspecifieally adsorbed to the cell surface. Under these conditions, hackgrounds at 4°C were undetectable over cell lysate--only blanks. Cell suspensions were then washed by pelleting through a sucrose cushion (0.5 M in PBS, pH 7.4) for 5 min at 4°C at 4,000 rpm in a refrigerated Eppendorf microfuge. The cells were solubilized in PBS, 0.5% Triton X-100, and aliquots were assayed for enzyme activity using o-phenylanediamine as a substrate or for protein concentration using the Micro-BCA assay (Pierce Chemical Co.).
Indirect Immunofluorescence
Transformed HtTA cells were grown in the presence or absence of tet on glass coverslips for ;;~,8 h to '~60% confluency. The cells were permeabilized in 40 #g/ml digitonin for 5 rain, washed briefly to deplete cytosolic contents, and then fixed with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 30 rain. This and all subsequent manipulations were at room temperature. The cells were blocked in 1% BSA, 5% normal goat serum, 0.01% saponin, 0.02% sodium azide in PBS for 60 min, and then incubated with primary antibodies 00-20 #g/ml) for 30 rain. After six 5-rain washes in PBS, the cells were incubated with Texas red-conjugated secondary antibodies for 30 rain. The coverslips were washed l0 times for 5 min with PBS, mounted in Aqua-Poly/Mount (Polyscience, Warrington, PA) and viewed under a fluorescence microscope (Axiophoto; Carl Zeiss, Inc., Thornwood, NY) or an MRC-600 confocal microscope (Bio Rad, Hercules, CA).
Preparation and Immunogold Labeling of "Ripped-off" Plasma Membrane
"Ripped-off" plasma membranes were prepared by the method of Sanan and Anderson (1991) . Transformed HtTA cells were cultured on glass coverslips as described above, and were incubated with D65-gold in serum-free medium (SFM) for 60 rain at 4°C. Cells were washed briefly and incubated in SFM at 37"C for 3 min. The coverslips were washed twice with PBS and once with KSHM (100 mM KOAc, 85 mM sucrose, 20 mM Hepes, and 1 mM MgC12, pH 7.4) at 4°C, and were transferred cell-side-down onto poly-L-lysine-treated, Formvar-coated nickel grids that had been placed on cellulose acetate membrane filters. After aspirating excess buffer, rubber stops were gently put on the coverslips, left for 60 s, and then removed. KSHM was added to the edge of each coverslip which was then also removed. EM grids carrying adherent plasma membrane fragments were collected with a forceps and immediately fixed with 4% glutaraldehyde in KSHM for 30 min at 4°C. They were washed with PBS, fixed with 1% osmium tetroxide in PBS for 10 rain at room temperature and washed with distilled water three times for 5 rain. The grids were incubated with 1% tannic acid in distilled water, washed with distilled water three times for 5 rain, and incubated with 1% uranium acetate in distilled water for 10 rain. After washing with distilled water three times for 1 min, grids were air dried and viewed with an electron microscope (CM10; Phillips Electronic Instruments Co., Mahwah, NJ) at 80 kV.
For immunostaining, the plasma membrane preparations were more lightly fixed with 4% paraformaldehyde and 1% glutaraldahyde in KSHM for 60 rain at 4°C. All the following steps were done at 4°C. The grids were washed 6x 5 min with PBS and quenched with I mg/ml sodium borohydrate in PBS for 10 min. The grids were washed three times with PBS, blocked with 1% BSA, 5% normal goat serum, 0.02% sodium azide for 60 min, incubated with hudy-I (10 #g/ml) for 2 h, washed 10x 5 min with PBS, and then incubated with gold-conjugated secondary antibody for 2 h. After washing 10x 5 rain with PBS, the samples were fixed with 4% glutaraldehyde in PBS for 30 rain. They were then fixed with 1% osmium tetroxide, processed, and viewed as described above.
For the quantification of ripped-off membrane preparations, negative films taken at x15,500 were digitized using a Molecular Dynamics personal densitometer. Quantitative analysis on 10-12 negatives per cell type was performed on a Macintosh Hfx computer using the public domain NIH Image program version 1.55 (written by Wayne Rasband, National Institutes of Health, Bethesda, MD, and available from the Internet by anonymous ftp from zippy.nimh.nih.gov or on floppy disk from NTIS, Springfield, VA; No. PB93-504868).
Immunogold Labeling on Ultrathin Cryosections
The induced cells were fixed with 4% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer for 30 rain at 4"C. Ultrathin cryosections were prepared and immunostained with hudy4 (20 pg/ml) and colloidal gold conjugated secondary antibody as previously described .
Negative Staining
Coated vesicles were isolated from a bovine brain extract on sucrose gradients using published procedures (Pearse, 1975) . Coated vesicles (100 /~g/ml) were adsorbed to Formvar-coated nickel grids for 5 min at room temperature, the grids were washed three times with PBS and fixed with 1% glutaraldehyde in 0.1 M phosphate buffer for 30 rain. After washing 5 x 5 min with PBS and blocking with 1% BSA in PBS for 60 rain, the samples were incubated with hudy-1 (10 ~tg/ml) in BSA/PBS for 60 min. The grids were washed six times with PBS for 5 rain, and they were incubated with colloidal gold conjugated secondary antibody for 5 h. After washing 10× 5 rain with PBS, the grids were negatively stained with 2% uranyl acetate in distilled water for 5 min, blotted with filter paper, and air dried.
Other Electron Microscopy Techniques
For conventional Epon sections, the cells were cultured in four-well plates (Nunc, Roskilde, Denmark) in the absence of tet for 48 h. They were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 30 rain, postfixed with 1% osmium tetroxide in 0.1 M phosphate buffer, pH 7.4, for 30 rain, and processed for embedding in Epon as described (Lamaze et al., 1993) . For ruthenium red staining, the cells were fixed with 1.2% glutaraldehyde, 0.5 mg/ml ruthenium red (Ted Pella Inc.) in 66 mM cacodylate buffer, pH 7.2, for 60 rain. The cells were washed with 150 mM cacodylate buffer three times for 3 rain. They were fixed again with 1.3% osmium tetmxide, 0.5 mg/ml ruthenium red in 33 mM cacodylate buffer for 3 h at room temperature. The cells were washed with 150 mM cacodylate buffer three times for 5 rain, and processed for embedding in Epon as above. These samples were observed with Phillips CMI0 and Hitachi HU12A electron microscopes at 80 kV and 75 kV.
Results
elel Mutant Dynamin is Impaired in GTP Binding and Hydrolysis
We have previously shown (van der Bliek et al., 1993) that transient overexpression of a dynamin mutant in HeLa cells blocks coated vesicle formation at an intermediate stage after the initiation of coat assembly but preceding the sequestration of ligands into constricted coated pits. The dynamin mutant, designated element 1 (elel) contains a Lys44-*Ala substitution in the first of three nucleotide-binding elements conserved among all members of the GTPase superfamily. This mutation was predicted to have greatly reduced guanine nucleotide-binding affinity and, therefore, impaired GTPase activity by analogy to other members of the GTPase superfamily (Pal et al., 1990; van der Bliek et al., 1993) . To confirm this prediction, recombinant wild-type and elel mutant dynamin were expressed in Sf9 insect cells using the baculovirus expression system and purified to near homogeneity (Warnock, D. E., J. L. Terlecky, and S. L. Schmid, manuscript submitted for publication). GTP hydrolysis by wt and elel dynamin was directly measured, and the results are shown in Fig. 1 . Like native bovine brain dynamin, wildtype recombinant human dynamin had low intrinsic GTPase activity that could be stimulated by the addition of microtubules ( Fig. 1 A) (Shpetner and Vallee, 1992) . In contrast, under these conditions, elel mutant dynamin showed no detectable intrinsic or microtubule-stimulated GTPase activity ( Fig. 1 B) . At higher concentrations of GTP (>300 #M), the intrinsic and MT-stimulated GTPase activity of elel dynamin could be detected, suggesting that the defect in GTPase activity was in part caused by decreased affinity for GTP (data not shown). These in vitro data strengthen the argument that the inhibitory effect of the elel mutant on coated vesicle formarion observed in transiently transfected cells was caused by its inability to bind and hydrolyze GTP (van der Bliek et al., 1993) . were generated to allow a more detailed biochemical and morphological examination of the mutant's effects on cell function. To distinguish recombinant dynamin from endogenous, the eDNA constructs for wild-type and elel mutant dynamin described previously (van der Bliek et al., 1993) were modified by an NH2-terminal addition of 30 bp encoding 10 amino acids of an HA-tag (MQYDVPDYAH) (Wilson et al., 1984) . When tested in transiently transfected cells, the HAmodified wild-type had no phenotype, and we observed similar inhibitory effects on the internalization of transferrin for the elel mutant with or without the HA-tag (data not shown). The dynamin cDNA was subcloned into pUHD10-3 downstream of seven repeat units of the tet-responsive elements from E. coli and a minimal cytomegalovirus promoter (see Fig. 2 A) (Gossen and Bujard, 1992) . This vector allows inducible expression of cDNAs when transfected into HtTA HeLa cells expressing a chimeric transactivator (tTA). tTA is comprised of the tet repressor fused to the COOHterminal domain of VP16, a viral transcription activator (Gossen and Bujard, 1992) . Removal of tet from the media permits binding of tTA to the tet operator (tetO) response elements and efficient transcription (Fig. 2 A) .
Conditional Expression of Valid-type and Mutant Dynamin in Stably Transformed Cells
Stably transformed cell lines expressing wt and elel dynamin
Mutant and wt dynamin eDNA constructs were cotransfected into HtTA cells with the selectable marker for puromycin. After selection and subcloning, positive clones were screened for dynamin expression in the absence of tet. The data in Fig. 2 B show that 48 h after removal of tet, there shows a schematic of the tet response plasmid (pUHDI0-3) used for inducible expression of NH2-terminal HA-epitope-tagged dynamin. The binding of tet to the chimeric transactivator constitutively expressed in transformed HtTA cells regulates the expression of dynamin. In the absence of tet, the transactivator binds to the tetO upstream of the minimal CMV promoter, and transcription is initiated. The three GTP-bindhag elements of dynamin, the point mutation (K44A) in the elel mutant of dynamin, and its Pro/Arg rich COOH-terminus are indicated. (B) Western blot analysis shows the tight regulation of dynamin expression in the presence of tet and the induction of high levels of dynamin expression after removal of tet. After cultivation in the absence (-) or presence (+) of tet (2 #g/ml) for 48 h mock, wild-type, and elel cells were washed twice with PBS and immediately lysed in Laemmli sample buffer. Lysates corresponding to 50,000 cells per lane were separated on a 7.5% gel and analyzed by Western blot using antidynamin or anti-HA antibodies. The arrows indicate dynamin, and the bars indicate the position of the molecular mass markers 116, 97.4, and 66 kD. was significant overexpression of both wt and elel recombinant dynamin. Compared with mock-transfected cells in the absence of tet, the overexpression of both recombinant wt and elel dynamin was at least 50-fold over endogenous dynamin when quantitated by Western blot analysis using the monoclonal antibody, hudy-1. Hudy-1 recognizes epitopes that are shared by both neuronal and somatic isoforms of dynamin (Warnock et al., manuscript in preparation) referred to as dynamin-1 and dynamin-2, respectively (Sontag et al., 1994 , Cook et al., 1994 . Probing Western blots with the anti-HA antibody demonstrated the tight control of gene expression in these stable cell lines as no recombinant dynamin was detectable in cells grown in the presence of tet (Fig. 2 B) .
Dynamin Is Associated with the Plasma Membrane
Cell fractionation studies have established that dynamin is located both on membrane fractions and in the cytosol (Scaife and Margolis, 1990; Tuma et al., 1993; van der Bliek et al., 1993) , suggesting that dynamin may cycle between these two pools. In mock-transformed HtTA cells, endogenous dynamin partitioned equally between soluble and membrane-associated pools. After induction, there was a fivefold increase in the amount of dynamin present in the particulate fraction, although most of the overexpressed wt and elel dynamin accumulated in the cytosol (data not shown). These data are consistent with our previous results in transiently transfected cells (van der Bliek et al., 1993) , and suggested that the accumulation of overexpressed dynamin in the cytosol was due to a limited availability of membraneassociated binding sites.
To examine the specific membrane localization of both endogenous and overexpressed HA-tagged dynamin, cells were gently permeabilized with digitonin and washed to deplete soluble proteins before fixation and staining. Fig. 3 shows confocal immunofluorescence images of dynamin detected with the anti-dynamin mAb, hudy-1 (Fig. 3 , A, C, and E), which detects both endogenous and overexpressed HAtagged dynamin (Warnock, D. E., J. L. Terlecky, and S. L. Schmid, manuscript submitted for publication) and with the anti-HA-tag mAb 12CA5 (Fig. 3, B , D, and F) after inducing expression by removal of tet. Each sample was costained with the anti-clathrin IgM mAb CHC5.9 (Fig. 3, A'-F) .
Staining of endogenous dynarnin in mock-transfected cells with hudy-1 revealed a punctate pattern that significantly overlapped with clathrin staining (compare Fig. 3 , A and A'). As expected from Western blot analysis, there was no detectable staining of mock cells using the anti-HA mAb (Fig. 3  B) , nor of wt or elel cells grown in the presence of tet (not shown). Removal of tet from the media induced expression of recombinant dynamin in both wt and elel cells, which was detected as a dramatic increase in staining by the anti-HA mAb (Fig. 3, D and F) . Staining of total membrane associated dynamin using hudy-1 revealed a less dramatic increase (Fig. 3 , A vs. C and E) consistent with the existence of a saturable membrane-binding site. Membrane-associated wild-type and mutant dynamin continued to show plasma membrane staining patterns that overlapped considerably with the clathrin staining pattern (Fig, 3 C'-F' ).
Plasma Membrane-associated Dynamin is Specifically Localized to Clathrin-coated Pits
Ultrastructural studies were performed to more precisely examine the localization of endogenous and overexpressed dynamin relative to coated pits at the cell surface. For this purpose, EM grids were applied to the upper surface of the cells and then peeled off, bringing large areas of plasma membrane with them. These were subsequently fixed and stained to visualize the polygonal clathrin lattices on the cytoplasmic surface of these ripped-off plasma membranes (Sanan and Anderson, 1991) . The micrographs in Fig. 4 a-e show the cytoplasmic surface of plasma membranes from mocktransfected HfrA cells (Fig. 4, a and b) , as well as from HtTA cells overexpressing wild-type (Fig. 4 c) and elel (Fig.  4, d and e) dynamin, which have been immunostained with antidynamin, followed by detection with gold-conjugated secondary antibodies. Gold particles detecting endogenous dynamin (Fig. 4, a and b) were rarely detected on uncoated plasma membrane surfaces and, instead, were almost exclusively located in clathrin-coated pits. Both flat clathrin lattices (open arrows) and highly curved clathrin lattices (arrowheads) were labeled. No labeling was detected with secondary antibody only (not shown). The labeling pattern of endogenous dynamin on these structures was diffuse without any preference to the neck region of the even highly curved coated pits. This selective localization of dynamin to coated pits was true, not only in mock-transfected cells, but also in cells overexpressing both wild-type (Fig. 4 c) and elel mutant (Fig. 4, d and e) dynamin. The finding that dynamin was exclusively associated with coated surfaces, even when overexpressed, suggested that it must be specifically targeted to these structures after clathrin assembly.
Since dynamin was localized to both flat and deeply invaginated coated pits, we next determined whether dynamin remained associated with these structures after coated vesicle budding. The electron micrographs in Fig. 4 , f and f' show a negatively stained preparation of bovine brain coated vesicles that have been immunolabeled with anti-dynamin antibody. Quantitation of these data demonstrated that 70 % of coated vesicles (112 of 163 counted) were labeled with 1-6 gold particles. Control specimens in which the primary antibody was omitted showed no labeling (not shown), nor was significant staining observed on contaminating smooth vesicles (~6% of contaminating smooth vesicles were labeled with 1 gold particle, while 93 % [92 out of 99 counted] had no label). These results suggest that some portion of dynamin remains associated with clathrin-coated vesicles after budding from the plasma membrane.
To establish the specificity of targeting of endogenous and overexpressed dynamin to plasma membrane-associated coated pits, cryo-ultrathin sections were prepared from fixed HtTA cells and immunostained with hudy-1. Electron micrographs from these experiments are shown in Fig. 5 . Consistent with the localization on ripped-off plasma membranes, endogenous dynamin in mock-transfected cells (Fig. 5 A) , was localized to both flat coated areas (arrows) and deep coated pits/vesicles at the plasma membrane (arrowhead).
Strikingly, even in HtTA cells overexpressing wt (Fig. 5 B) and elel mutant (Fig. 5 C and D) dynamin, only coated structures on or near the plasma membranes were labeled. For both mock-and dynamin-transfected cells, almost no labeling was observed outside of coated structures on the plasma membranes. As expected from the immunofluorescence studies, there was a marked increase in cytosolic staining in cells overexpressing both mutant and wt dynamin. Slight staining observed in the area of the trans-Golgi network was not significantly higher than the diffuse cytosolic staining. No labeling was detected in the Golgi complex (Gc), the mitochondria (m), or the nucleus (n). These results, together with the immunolocalization on ripped-off membranes, demonstrated that dynamin was specifically targeted to coated pits at the plasma membranes of HtTA cells.
Expression of Mutant Dynamin Inhibits Receptor-mediated Endocytosis of Transferrin and EGF
While it has previously been demonstrated that transient overexpression of mutant dynamin in mammalian cells blocks receptor-mediated endocytosis of Tfn (van der Bliek et al., 1993; Herskovits et al., 1993a) , these systems did not allow for an accurate quantitative assessment of the effect of dynamin mutants on endocytosis. Nor did they allow investigation of the specificity of the observed effects. With the availability of homogeneous, stably transformed cell lines expressing equivalent amounts of either wt or elel mutant dynamin, these issues can now be addressed.
Receptor-mediated endocytosis of BSST in stably trans- The secondary antibodies were FITC-conjugated goat anti-mouse IgG (3, chain specific) for dynamin and HA, and Texas red-conjugated goat anti-mouse IgM (# chain specific) for clathrin.
formed cells was measured by its acquired inaccessibility to exogenously added avidin. In addition to detecting the internalization of biotinylated ligands into sealed, coated vesicles, this assay also detects the formation of a potential intermediate in which receptor-bound ligands are sequestered into constricted coated pits (Schmid and Carter, 1990; Carter et al., 1993; van der Bliek et al., 1993) . The data in Fig. 6 A show that overexpression of wt dynamin did not affect the initial rate of sequestration of Tfn as compared to mock-transfected cells. Similarly, Tfn endocytosis in uninduced wt and elel cells was indistinguishable from mocktransfected cells grown in either the presence or absence of tet (not shown). In contrast, overexpression of elel dynamin cells inhibited the initial rate of sequestration of Tfn into either constricted coated pits or coated vesicles by >80%, Transferrin receptors are constitutively internalized via clathrin-coated vesicles. To confirm the general effect of overexpression of elel dynamin on receptor-mediated endocytosis, we examined the ligand-induced endocytosis of EGF-R in wt and elel cells. Endocytosis of EGF via clathrincoated vesicles was followed using BEGF and quantified by its acquired inaccessibility to avidin as previously described (Lamaze et al., 1993) . As shown in Fig. 6 B, the internalization of BEGF was also inhibited (>60%) in cells expressing elel mutant dynamin as compared to wt or mock-transformed cells. The uptake of EGF was generally less efficient than the uptake of transferrin; however, for both ligands, endocytosis in elel cells was reduced to a similar residual rate (,,o2.5 %/min; Fig. 5 B) . Together with the data on Till uptake, these results support our previous conclusion (van der Bliek et al., 1993 ) that overexpression of the elel mutant of dynamin blocks the sequestration of receptor-bound ligands into constricted coated pits.
Coated Pit Structures Accumulate on the Plasma Membrane of Dynamin Mutant Cells
The observed defect in ligand sequestration into constricted coated pits could be caused by either a block in the mechanics of coated vesicle formation, as previously proposed (van der Bliek et al., 1993), or by a defect in recruiting receptors into coated pits through recognition of "internalization motifs" in their cytoplasmic domains (Trowbridge et al., 1993) . We, therefore, directly examined the nature of the intermediates that accumulate in the mutant cells at the ultrastructural level. For these studies, cells were incubated in the presence of gold-conjugated D65 anti-human Tfn-R mAbs (D65-gold) at 4°C for 60 min, and were then warmed briefly (3 min) at 37°C to label surface Tfn-R. Ripped-off plasma membranes were prepared, fixed, and stained to allow simultaneous visualization of the surface-bound D65-gold and the cytoplasmic surface of the plasma membrane (Sanan and Anderson, 1991) .
Electron micrographs of representative areas of the cyto-plasmic plasma membrane surface from induced wt and elel cells are shown in Fig. 7 . Flat and curved clathrin lattices are indicated in the figure by open arrows and arrowheads, respectively. While there was little qualitative difference between mock cells (not shown) and wt cells, the cytoplasmic surface of the plasma membrane in elel cells showed a drarnatic increase in the number of curved clathrin lattices representing invaginated coated pits, often appearing in clusters. Quantitation of these results (Table I A) revealed an approximately twofold increase in the number of curved clathrin lattices per square micrometer of membrane in elel cells and a corresponding approximately twofold decrease in the number of flat clathrin lattices, as compared to wt or mock cells. These results suggest that overexpression of elel dynamin resulted in an accumulation of invaginated coated pits at the expense of flat clathrin lattices. The average area of the remaining flat lattices was also reduced in the elel cells. In contrast, the average area of curved coated pits was apparently unaltered, suggesting at this level of resolution that the coated pit intermediates that accumulate in elel cells were structurally similar to intermediates found normally in wt cells. The twofold increase observed in the number of invaginated coated pits was consistent with an almost complete block in coated vesicle budding since this accumulation was probably limited by the cytoplasmic pool of coat components (see below). From these data, we conclude that in cells overexpressing elel dynamin, invaginated coated pits fail to become constricted and to pinch off, thereby resulting in their accumulation and the observed inhibition of receptormediated endocytosis.
Transferrin Receptors Are Efficiently Sorted into Coated Pits in Dynamin Mutant Cells
Constricted coated pits can be distinguished biochemically from invaginated coated pits by their ability to sequester receptor-bound, biotinylated ligands from exogenously added avidin. However, the ultrastructural techniques described here do not allow these intermediates to be distinguished morphologically. Therefore, the possibility that mutant dynamin affects the sorting of receptors into coated pits remained viable. This possibility was especially intriguing since dynamin is related to the SRP54 GTPase, which recognizes signal sequences on nascent polypeptides and recruits them to ER membranes (Gilmore, 1991) . However, quantitative evaluation of the sorting efficiency for Tfn-R in coated pits in mock, wt, and elel cells (Table I B) revealed no significant differences. While the number of Tfn-R (D65-gold particles) per square micrometer of cell surface in elel mutant cells was at least twofold higher than that observed for mock or wt cells, the concentration of Tfn-R in coated pits (calculated as the ratio of the number of D65-gold particles per square micrometer of coated membrane to the number of D65-gold particles per square micrometer of smooth membrane) was not significantly affected (23.6-fold concentration in wt cells compared to 18.5-fold for elel mutant cells). These numbers suggest that the sorting efficiency for transferrin receptors into coated pits was the same for wt and elel mutant cells and, therefore, that overexpression of dynamin mutants defective in GTP binding and hydrolysis does not interfere with efficient recruitment of receptors into coated pits. Since receptor recruitment into coated pits and coat assembly are apparently unaffected, these early events in coated vesicle formation can be excluded as targets for the function of dynamin's GTPase.
Recycling of Transferrin Receptors to the Plasma Membrane is Unaffected in elel Cells
So far, we have provided strong evidence that mutant dynamin blocks the constriction and budding of coated pits to form coated vesicles at the cell surface. As vesicle budding is a common requisite to all membrane traffic events, we tested whether overexpression of elel dynamin affected any other intracellular transport pathway. The approximately twofold increase in Tfn-R expression at the plasma membrane in elel cells observed by EM (Table 1 B ) and by total binding of BSST to the cell surface in elel mutant cells at 4°C (data not shown) could reflect either continued recycling of Tfn-R from the endosomal compartment to the plasma membrane or increases in total expression of Tfn-R. We, therefore, examined the steady-state distribution of transferrin receptors in mock, wt, and elel cells by determining what fraction of the total Tfn-R were accessible to proteolytic digestion by trypsin at 4°C. Quantitative analysis showed that the fraction of Tfn-R found on the surface of cells overexpressing wt dynamin (20.9 + 6.6%, n=5) was the same as that found in mock-transformed cells (22.9 4-3.4%, n=2). In contrast, there was more than a twofold increase in the fraction of Tfn-R distributed on the cell surface of elel cells (51.2 + 10.6%, n=5). The intracellular: surface distribution of Tfn-R reflects the relative rates of internalization and recycling (Ciechanover et al., 1983) . Thus, the extent of redistribution of Tfn-R to the cell surface (from an 80:20 distribution to a 50:50 distribution) is consistent with the observed fivefold decrease in internalization rates and an unaltered rate of recycling. To confirm this, we directly measured the rate of Tfn recycling in wt cells and cells expressing elel dynamin. Cells were labeled to equilibrium with B-Tfn, and surface Tfn was masked with avidin. The data in Fig.  8 A show the kinetics of loss of intracellular biotinylated Tfn as the cells were reincubated for increasing times at 37°C. Time (min) Figure 6 . Receptor-mediated endocytosis of transferrin and EGF is inhibited in the dynamin mutant. After 48 h of induction in the absence of tet, the internalization of transferrin (A) or EGF (B) was followed in ceils expressing either wild-type (B) dynamin, elel mutant dynamin (A), or in mock-transformed cells (o). For comparison, the residual rate of transferrin uptake in elel cells in A is shown in B (zx). After incubation for the indicated times at 32°C, the amount of internalized BSST or BEGF was quantified by avidin accessibility as described.
As can be seen, Tfn is recycled from wt and elel cells with identical kinetics (t]rz ~7-8 min).
Mutant Dynamin Does not Affect TGN-derived Coated Vesicle Function
We next examined whether overexpression of elel dynamin affects intracellular trafficking events along the biosynthetic pathway by following the transport of newly synthesized transferrin receptor from the ER, through the Golgi, and to the cell surface. For these experiments, cells were pulselabeled with [35S]methionine for 15 min and then chased for <4 h before precipitation of metabolically labeled Tfn-R and analysis by SDS-PAGE, as described in Materials and Methods. In three independent experiments (data not shown), we found no differences between elel and wt cells in the rate of transport of Tfn-R from the ER to the medial Golgi (as judged by the acquisition of endoH resistance), through the Golgi to the trans-Golgi network (TGN) (as judged by the electrophoretic mobility shift upon addition of complex oligosaccharides) or to the cell surface (as monitored by tryptic digest of receptors at the cell surface). These results suggest that overexpression of elel mutant dynamin does not affect transport by COP-or other coated vesicles along the biosynthetic pathway.
To address the question of whether the budding of Golgiassociated, clathrin-coated vesicles is affected in ceils overexpressing the dynamin mutant, we followed the biosynthesis of a lysosomal enzyme, cathepsin D. Mannose-6-phosphatecontaining lysosomal enzymes are sorted at the level of the TGN by binding to mannose-6-phosphate receptors that are concentrated in clathrin coated pits (reviewed by Kornfeld and Mellman, 1989) . In HtTA cells, cathepsin D exists as a 49-Mr precursor in the Golgi apparatus, and it is delivered via clathrin-coated vesicles from the TGN to an endosomal compartment where it is processed to a 46-Mr form. Delivery to lysosomes results in further processing to a 32-Mr mature form (Gieselmann et al., 1983) . Metabolically labeled cathepsin D was immunoprecipitated after various chase times from wt and elel cell lysates using a polyclonal serum (Gieselmann et al., 1983) . The appearance in the lysosomes of the 32-kD mature form of cathepsin D was detected by SDS-PAGE and quantified by phosphorimager analysis as described in Materials and Methods. The data in Fig. 8 B show quantitation of results from one representative experiment. The 32-kD mature form of cathepsin D was first detected in cells expressing elel dynamin after 57 + 8 min of chase (n = 3), unchanged from when it was first detected in wt cells (59 + 6 min of chase; n = 3). These results demonstrate that overexpression of elel dynamin did not affect Negatives of electron micmgraphs were prepared as described in 
AP2 Molecules Are Specifically Distributed to the Membrane in Dynamin Mutant Cells
Further confirmation that overexpression of elel dynamin specifically affects plasma membrane-associated coated pits was obtained by examining the redistribution of coat protein components from the cytosol to the membrane. We have shown that coated pits accumulate at the-cell surface in elel cells. Since the assembly of coated pits at the plasma membrane requires AP2 complexes (Robinson, 1992) , we would expect this accumulation in coated pits to result in a corresponding redistribution of AP2 complexes from the cytosolic pool to the membrane. In contrast, coated pits at the TGN require AP1 complexes for their assembly (Robinson, 1992) . To determine the extent of AP2 redistribution in elel cells and to examine whether AP1 distribution is similarly affected, we fractionated induced mock, wt, and elel cells into particulate and soluble pools. The AP distributions in these fractions were analyzed by Western blot using the monoclonal antibody 100/1 (Ahle et al., 1988) , which detects common epitopes in the/3 and 13' adaptin subunits of AP2 and AP1 complexes, respectively. The data in Fig. 9 show that AP2 and AP1 complexes are distributed approximately equally between the particulate and soluble pools in both mock-transformed and wt cells. In contrast, the /3 subunits of AP2 complexes are almost quantitatively depleted from the cytosolic fraction in elel mutant cells with a corresponding increase in its appearance in the particulate fraction. Importantly, the amount of the/3' subunit of AP1 complexes in the soluble pools is unchanged in the elel cells. These results provide additional evidence that dynamin is specifically involved in the formation of clathrin-coated vesicles at the plasma membrane.
Fluid-phase Uptake Continues in Cells Expressing Mutant Dynamin
Even though receptor-mediated endocytosis is dramatically reduced in elel mutant cells, they remain viable after induction by removal of tet for more than 4 d. This observation strongly suggested that some alternate endocytic pathway continued so as to guarantee the cells' supply of important nutrients, as well as to maintain the balance of cell surface area. Alternative, clathrin-independent pathways of endocytosis have been described (van Deurs et al., 1989) and can be measured by the uptake of bulk fluid-phase markers such as HRP. As shown in Fig. 10 , fluid phase uptake of HRP continues in elel cells. The initial rate of fluid phase uptake is apparently unaffected compared to wt cells. The slightly reduced uptake of HRP seen only at later time points is, in gen.eral, interpreted as a consequence of changes in the accumulation of HRP in the endosomal compartment (see for example Besterman et al., 1981; Griffiths et al., 1989) . These differences in the endosomal accumulation of fluidphase markers could reflect structural changes within the endosomal compartment resulting from the block in coated vesicle budding, as has been described in nephrocytes from shibire flies .
IntraceUular Accumulation of Endocytic Membranes in Cells Overexpressing Mutant Dynamin
The biochemical analysis of the phenotype of elel cells has thus far allowed us to conclude that mutant dynamin selectively interferes with coated vesicle formation at the cell surface while not interfering with other membrane trafficking pathways. We next examined the general morphology of mock-transfected cells and cells overexpressing wt dynamin or elel mutant dynamin for two reasons: first, to look for evi- (open arrows) and curved clathrin lattices (arrowheads) were labeled with D65-gold. In elel cells, clusters of curved lattices were often observed, and there was an increase in the number of D65-gold particles associated with the cell surface. Quantitation of these results is given in Table I . Bar, 0.1 /~m. Figure 9 . Depletion of AP2, but not AP1 molecules, from the cytosol in mutant dynamin cells. Induced mock, wt, and elel cells were lysed by a freeze/thaw step and separated into particulate (P) and soluble (S) fractions as described in van der Bliek et al. (1993) .
The subcellular distribution of[3/fl' adaptins (indicated on the right) was examined by Western blot analysis using the 100/1 anti-/~//~' mAb at 3 izg/ml.
dence of other cellular functions that might directly or indirectly be perturbed in cells overexpressing mutant dynamin; and second, to directly compare the phenotype of overexpression of elel dynamin with that reported for cells expressing the shibire mutation so as to better understand the functional relationship of these two homologues. The electron micrographs in Fig. 11 show ultrathin sections of HtTA cells overexpressing either wt (Fig. 11 A) or elel mutant dynamin (Fig. 11 B) 48 h after culture in the absence of tet. Overexpression of wild-type dynamin had no effect on the general morphology of HtTA cells. However, in cells overexpressing elel dynamin, elongated tubular structures (open arrows) and numerous structures resembling multivesicular bodies (arrows) accumulated in the cytoplasm. Coated structures (arrowheads) were closely associated with many of these tubular elements. No alteration in the structure of the Golgi complex (Gc) in wt or elel cells was detected. Since coated pits were rarely detected on the plasma membrane in thin sections from either wt or elel cells, their accumulation could only be measured by sampiing larger surface areas using ripped-off membrane preparations (see Fig. 7 ).
The origin of the membrane tubules that accumulated in cells overexpressing mutant dynamin was explored by incubating cells after fixation with the small, membraneimpermeant electron dense marker, ruthenium red. Only sma]l membrane invaginations connected to the cell surface were typically seen in mock-transfected cells (Fig. 11 C) or in cells expressing wt dynamin (Fig. 11 D) . In contrast, many of the long tubular membranes that specifically accumulated in cells overexpressing mutant dynamin were open to the cell surface and remained accessible to ruthenium red (Fig. 11 E-G) . These structures were similar to those observed in tissues from shibire flies after shift to the nonpermissive temperature (Kosaka and Ikeda, 1993b) . and elel (A) cells were incubated with 1 mg/ml horseradish peroxidase for < 60 min at 32°C and then returned to ice. To determine intracellular HRP, extracellular HRP was digested with 0.1% pronase for 10 min at 4°C. The cells were then extensively washed, pelleted through a sucrose cushion, and cell lysates were prepared as described in Materials and Methods. Cell-associated HRP was photometrically quantified after enzymatic reaction of peroxidase with o-phenylenediamine, and was expressed relative to cell protein, determined from aliquots of the same cell lysate.
Cell Shape and Cytoskeletal Changes Associated with Overexpression of Mutant Dynamin
One of the most striking morphological changes after induction of mutant dynamin could be observed at the light microscopic level as an alteration in cell shape and size. Cells overexpressing wt dynamin showed the same polygonal shape with sharp surface edges (Fig. 12 , a, c, e and e') as mocktransfected cells or uninduced HtTA cells cultured in the presence oftet (data not shown). In contrast, as early as 24 h after induction, cells overexpressing elel mutant dynamin became large, flattened, and round-edged cells with extended cytoplasm (Fig. 12, b, d, fandf) . This striking alteration in cell shape led us to examine the distribution of cytoskeleton and adhesion-related proteins by indirect immunofluorescence. Neither the distribution of microtubules stained with anti-tubulin antibodies (Fig. 12, a and b) nor of intermediate filaments stained with vimentin (data not shown) were altered in cells overexpressing mutant dynamin. However, there was a striking rearrangement of the actin cytoskeleton, as detected by rhodamine-phalloidin. The stress fibers typically distributed along the entire cell length as seen in wt cells (Fig. 12 c) were redistributed from the central cytoplasm to the periphery of elel cells (Fig. 12 d) .
The surface area of elel cells attached to the culture substrate appeared dramatically increased over that seen for mock or wt cells. We also observed that elel cells were more resistant to release from the substratum by PBS/EDTA treatment at room temperature (data not shown), suggesting an alteration in cell adhesion properties. The distribution of adhesion plaques in wt and elel-transformed cells was, therefore, examined using anti-vinculin antibodies. Vinculin staining in wt cells was seen in large adhesion plaques (Fig.  12, e) , which by phase contrast were located at the ends of cell extensions (Fig. 12 e' ). This stainiiag was indistinguishable from mock-transfected cells (not shown). In contrast, vinculin-staining in elel-transformed cells was detected in somewhat smaller plaques (Fig. 12 f) that were uniformly distributed around the entire cell boundary (Fig. 12, f') . These results suggest that other cellular functions may be altered either directly or indirectly as a consequence of overexpression of mutant dynamin and inhibition of clathrindependent endocytosis.
Discussion
A Dynamin Mutant Potently Blocks Coated Pit Constriction
We have extended previous findings (van der Bliek et al., 1993; Herskovits et ai., 1993a ) that overexpression of a dynamin mutant defective in GTP binding and hydrolysis potently inhibits receptor-mediated endocytosis. Our findings demonstrate that both constitutive and ligand-induced internalization of receptors are affected. Using electron microscopic methods and biochemical assays that allow detection of intermediates in the process of coated vesicle formation, we have established that the elel mutant dynamin blocks coated vesicle formation at a stage after coat assembly but before the formation of sealed coated vesicles. Specifically, we conclude that dynamin is required for the constriction of coated pits and for coated vesicle budding.
While late stages in coated vesicle formation are blocked in ceils overexpressing mutant dynamin, early events are unaffected. Plasma membrane specific AP2 complexes are quantitatively recruited to the cell surface and clathrincoated lattices form properly in the mutant cell line. Receptors are concentrated into coated pits with the same sorting efficiency as in wild-type cells. The invaginated coated pits that accumulate in cells expressing mutant dynamin are indistinguishable in size and shape from those in wild-type cells. However, these invaginated coated pits fail to undergo constriction and, therefore, fail to sequester receptor-bound, biotinylated-ligands from the large exogenously added probe, avidin. The accumulation of invaginated pits at the plasma membrane is entirely consistent with the phenotype of shibire ~s flies exposed to the nonpermissive temperature, which also accumulate coated pits that remain accessible to exogenously added HRP-conjugated wheat germ agglutinin (Narita et al., 1989) .
Previous evidence for a late regulated event in coated vesicle formation from the plasma membrane has been obtained in other systems. For example, endocytosis is inhibited in mitotic A431 cells by a block late in vesicle formation resulting in the accumulation of invaginated coated pits (Pypaert et al., 1987) . Similarly, invaginated coated pits accumulate in ATP-depleted HeLa and K562 cells (Schmid and Carter, 1990) . In perforated A431 cells, preformed flat coated pits spontaneously invaginate (Smythe et al., 1989) , whereas subsequent events leading to the sequestration of ligands into constricted coated pits require cytosolic factors, ATE and micromolar concentrations of GTP. These factors are also required for coated vesicle budding (Smythe et al., 1989; Schmid and Smythe, 1991; Carter et al., 1993) . Together with the results presented here, these observations suggest that dynamin might be one cytosolic factor required for a regulated, energy-dependent step(s) late in the process of coated vesicle formation involving coated pit constriction and membrane scission.
Dynamin Specifically Blocks Coated Vesicle Formation at the Plasma Membrane
The block in coated vesicle formation was specific for vesicle budding at the plasma membrane: neither biosynthetic pathways leading to the plasma membrane or to lysosomes, nor recycling pathways from endosomes to the plasma membrane were affected. This specificity in the functional interference of mutant dynamin, even when expressed at very high levels, is comparable to that observed with small rab GTPases in vesicular transport. Each member of the rab/ypt family is exclusively involved in a specific membrane transport event in eukaryotic cells (Zerial and Stenmark, 1993; Nouffer and Balch, 1994) . Strikingly, overexpression of mutant dynamin did not affect the mechanistically related event of clathrin-coated vesicle formation at the TGN. This result implies that, as for rab proteins, dynamin might have functionally related family members that function in vesicle budding at discrete intracellular locations.
Dynamin is, in fact, a member ofa multigene family (Obar et al., 1990) , although many family members (e.g., Mx proteins or MGMlp) have functions apparently unrelated to vesicular transport (Collins, 1991) . One dynamin family member, the yeast protein VPSlp, is involved in vacuolar sorting (Vater et al., 1992) , which is mediated by clathrincoated vesicles (Wilsbach and Payne, 1993) . It is, therefore, attractive to speculate that VPSlp might play an analogous role to dynamin in coated vesicle budding at the TGN.
Dynamin-1 and Dynamin-2 Are Coated Pit-associated Proteins Suggesting a Common Function
The dynamin eDNA used in these studies encodes a neuronspecific isoform of dynamin (referred to as dynamin-1) that is not expressed in HeLa cells (Warnock, D. E., J. L. Terlecky, and S. L. Schmid, manuscript submitted for publication). A second isoform, referred to as dynamin-2, which is 79% identical to dynamin-1, is ubiquitously expressed (Cook et al., 1994; Sontag et al., 1994) , and probably represents the isoform detected in HtTA cells. A third isoform, referred to as dynamin-T, is exclusively expressed in the testis (Nakata et al., 1993) . A subset of the monoclonal antibodies we have raised to dynamin-1 also recognize dynamin-2 (this report and Warnock et al., manuscript in preparation). Consistent with the specificity of the functional interference of elel mutant dynamin, EM immunolocalization using these antibodies has revealed that membraneassociated endogenous dynamin-2 and overexpressed dynamin-1 isoforms are both localized to the cytoplasmic surface of the plasma membrane, specifically in clathrin-coated pits. These results suggest that dynamin-1 and dynamin-2 share 
Targeting of Dynamin to Coated Pits
Dynamin is distinguished from other family members, including VPSlp, by a 100-aa proline-rich, highly basic COOH-terminal domain. This proline-rich "tail" is structurally related to the COOH terminus of synapsin I, which is involved in its binding both to the actin cytoskeleton and to synaptic vesicles (Benfenati et al., 1993) . While a large, 188-aa deletion of the COOH terminus negates the inhibitory effects of dominant-negative mutants of dynamin, deletion of 57 aa of the 100-aa proline-rich tail of dynamin does not (Herskovits et al., 1993a) . Proline-rich domains are common to a number of functionally diverse proteins, where they are believed to provide rigid, extended, hydrophobic surfaces that entropically and enthrapically favor rapid, high affinity binding interactions (reviewed by Williamson, 1994) . These binding properties can often survive large deletions within long proline-rich sequences (Williamson, 1994) . Thus these results are consistent with the hypothesis that the proline-rich tail participates in protein-protein interactions that are important for targeting dynamin to its site of action.
Both synapsin I (Benfenati et al., 1989) and dynamin (Tuma et al., 1993) bind to specific cellular membranes and interact with acidic phospholipids. For synapsin I, this interaction with acidic phospholipids occurs mainly through the NH~-terminai domain, yet association of synapsin I to protein components on synaptic vesicles occurs via the COOHterminal proline-rich sequences (Benfenati et al., 1989) . Like the binding of synapsin I to synaptic vesicles, the saturable binding and specific targeting of dynamin to coated regions on the plasma membranes is unlikely to be mediated only by its affinity for acidic phospholipids. Dynaminmembrane association is extremely tight, requiring almost denaturing conditions for its release from crude bovine brain membrane preparations (Tuma et al., 1993; Schmid, S. L., unpublished observations) . Phosphorylation of the prolinerich tail of synapsin I upon depolarization disrupts its interaction with both actin filaments and synaptic vesicles, thereby allowing synaptic vesicle release. Interestingly, dynamin is coordinately dephosphorylated upon membrane depolarization (Robinson et al., 1993) . It is tempting to speculate that phosphorylation/dephosphorylation of dynarain might similarly regulate interactions through its prolinerich domain. Identification of the membrane-binding site for dynamin and of other factors that interact with dynamin will clearly be of importance to understanding its function in coated vesicle formation.
The Dynamin GTPase Cycle and Coated Vesicle Formation
Dynamin is a cytosolic protein also associated with coated pits at the plasma membrane and with coated vesicles. Thus, it is likely that dynamin undergoes a cycle of membrane association/dissociation coupled to the cycle of nucleotide exchange and hydrolysis in carrying out its role in coated pit constriction and coated vesicle budding. How might the dynamin cycle of GTP binding and hydrolysis function in coated vesicle formation? The elel mutant has low affinity for both GTP and GDP, and it is assumed to be in the unoccupied state, yet it has similar or higher levels of membrane association than wild-type dynamin (not shown, but see van der Bliek et al., 1993) . Therefore, we propose that membrane binding is independent of the GTP binding and hydrolysis activity of dynamin. Even when dramatically overexpressed, both wt and elel dynamin are selectively associated with clathrin lattices on the plasma membrane. It is interesting to compare this localization with that of AP2 "adaptor" complexes. Consistent with their role in early, "priming" events preceding clathrin assembly (Mahaffey et al., 1990; Smythe et al., 1992) , APs are found on both clathrin-coated and noncoated regions of the plasma membrane (Baba, T., and S. L. Schmid, unpublished results). Together, these results are consistent with the model that coated vesicle formarion begins with AP priming of membranes, followed by the assembly of clathrin into flat lattices and the recruitment of dynamin in its unoccupied or GDP-bound form to these initially planar structures.
Invaginated coated pits accumulate in cells expressing elel dynamin. Therefore, we propose that this step in coated vesicle formation is also independent of the GTP-binding and hydrolysis activity of dynamin. In contrast, the constriction of coated pits that precedes vesicle budding is blocked in elel cells. In vitro analysis of events leading to ligand sequestration demonstrated that this step required >10 #M GTP, was insensitive to GTP'yS, but was inhibited by GDP/3S (Carter et al., 1993) . These results suggest that a GTP/GDP exchange reaction might be required to convert dynamin to its GTP-bound form for the constriction event. GTP hydrolysis is apparently not required until a later stage, either in vesicle budding or in the recycling of dynamin from coated vesicles. In this regard, Oka and Nakano (1994) have recently demonstrated that GTP hydrolysis by the Sarlp GTPase is not required for vesicle budding from the ER, but is instead required for recycling of this component from transport vesicles. We have shown that coated vesicle budding in perforated A431 cells also requires >10 #M GTP, but is sensitive to the nonhydrolyzable analogue GTP3,S (Carter et al., 1993) . While this might reflect the involvement of other GTPases in vesicle budding as initially proposed, it is also possible that GTP hydrolysis by dynamin is required for vesicle budding.
Fluid Phase Uptake Continues at Normal Levels after Inhibition of Receptor-Mediated Endocytosis
The conditional overexpression of mutant dynamin blocks coated vesicle formation by >80%. We assume that this pathway is of essential importance to guarantee the cells' supply of nutrients and to regulate the steady-state total surface area. The surprising observation that cells expressing mutant dynamin remained viable could be explained by the finding that fluid phase uptake continues in cells severely inhibited in clathrin-dependent endocytosis. In contrast, morphological studies in cells expressing the shibire mutant demonstrated that HRP uptake was potently inhibited when measured shortly after shift to the nonpermissive temperature (Koenig and Ikeda, 1983; Kessell et al., 1989) . Taken together, these results suggest that a pathway for bulk-flow endocytosis was induced in compensation for the loss of clathrin-dependent endocytosis after prolonged expression of elel dynamin. Interestingly, prolonged incubation of yeast strains carrying a temperature-sensitive mutation in the clathrin heavy chain at the nonpermissive temperature also induces a compensatory pathway that relieves the vacuolar sorting defect (Seeger and Payne, 1992) . It remains to be determined whether the compensatory mechanisms are similar in these cell systems. Further work involving analysis of earlier time points after the induction of expression of mutant dynamin in the stably transformed cell system will be needed to define this clathrin-independent pathway and the mechanisms by which it is induced.
Morphological Consequences of Overexpression of Mutant Dynamin
The effect of overexpression of mutant dynamin on intracellular membrane trafficking events was restricted to clathrincoated vesicle formation at the cell surface. However, it was important to examine the ultrastructure of cells overexpressing mutant dynamin to address the issue of whether any other cellular functions were affected. Overexpression of wt dynamin did not alter cell morphology at either the light or electron microscopic levels. Membranous structures that accumulated in elel cells were apparently derived from the plasma membrane and other endocytic organelles. We have observed HtTA cells 24-48 h after induction of elel dynamin, compared to the rapid and synchronous temperaturesensitive effect of the shibire mutation. Therefore, in our system, direct and indirect consequences of mutant dynamin expression can not be distinguished. However, since our results were generally consistent with morphological studies on shibire ~ flies Ikeda, 1983a, 1983b; Narita et al., 1989) , we conclude that perturbations caused by overexpression of elel dynamin were restricted to the endocytic pathway in mammalian cells.
The most readily detectable phenotype resulting from induction of elel dynamin was that the cells became flattened, extended their cytoplasm, and the normally longitudinal stress fibers were reorganized to form circumferentially distributed actin filaments. These phenotypic changes might reflect an additional function for dynamin. For example, like synapsin-I, dynamin may interact directly with actin illaments through its proline-rich tail (Benfenati et al., 1993) . However, we believe these effects are more likely an indirect consequence of the inhibition of receptor-mediated endocytosis for two reasons. First, dynamin was uniformly dis-tributed in punctate structures on the basement membranes of elel HtTA cells showing no relationship to the peripheral distribution of actin filaments or vinculin-positive adhesion plaques. Second, identical morphological changes have been reported in human fibroblasts after inhibition of receptormediated endocytosis by completely different mechanisms, namely K ÷ depletion and cytosolic acidification (Altankov and Grinnell, 1993) . These authors concluded that receptormediated endocytosis (perhaps of integrin family members) might be important for the regulation of cell adhesion and the establishment of cell polarity.
Several developmental phenotypes are associated with the shibire mutation in Drosophila, including growth cone formation, neurite development, cell adhesion, and differentiation (Buzin et al., 1978; Poodry and Edgar, 1979; Kim and Wu, 1987) . It is, therefore, attractive to speculate that dynamin plays a key role in linking endocytosis and signal transduction, not only through known pathways involving tyrosine kinase growth factor receptors, but also through novel interactions with components of the extracellular matrix. While a requirement for dynamin function in the endocytic machinery may be sufficient to explain these other phenotypes, it is too early to dismiss the possibility of alternate or additional functions for dynamin. In summary, these studies have provided strong evidence for the specificity of dynamin's function in coated vesicle formation, and they have provided the first working model for the role of the dynamin GTPase cycle in this process. Much remains to be understood. Studies are now in progress to generate other mutations that arrest dynamin in its GTPbound and GDP-bound conformations so that the biochemical and morphological approaches described here can be used to identify the intermediates that accumulate in cells expressing these mutants. Characterization of these intermediates will help refine our model for dynamin's function in vesicle formation and should more precisely define dynamin's role as regulator or effector in the process of vesicle constriction and budding.
